Purpose: This study was designed to evaluate the feasibility of using a targeted array-CGH strategy for prenatal diagnosis of genomic imbalances in a clinical setting of current pregnancies. Methods: Women undergoing prenatal diagnosis were counseled and offered array-CGH (BCM V4.0) in addition to routine chromosome analysis.
Prenatal cytogenetic testing is an option for pregnancies at increased risk of chromosomal abnormalities based on maternal age, abnormal maternal serum screening results, or fetal anomalies observed by ultrasound. Moreover, the risk-to-benefit ratio of offering invasive prenatal testing to all pregnancies regardless of risk factors is an active area of discussion in the obstetrics and genetics communities. [1] [2] [3] Conventional forms of cytogenetic analysis such as G-banded chromosome analysis and rapid FISH (fluorescence in situ hybridization) techniques are currently the mainstay of prenatal diagnosis of chromosomal abnormalities. 4 -7 Conventional karyotyping on prenatal cells yields lower band resolution than on blood cells, making detection of subtle abnormalities more difficult, and numerous common microdeletion syndromes are not detectable by even blood karyotype. Although phenotypic features of microdeletion or duplication syndromes may direct the use of syndrome-specific FISH tests in the postnatal period, there is limited potential for targeted testing in the prenatal period. Furthermore, such genomic disorders are often sporadic events resulting from de novo rearrangements. The current guidelines and standards for prenatal diagnosis of chromosomal defects predate the technical feasibility for detection of an increasing number of chromosomal deletion and duplication syndromes spread throughout the genome by methods such as array-based comparative genomic hybridization (array-CGH; also known as chromosomal microarray analysis or CMA). 8 Microarrays using large-insert clones can detect deletions or duplications that are tens to hundreds of kb in size, which is well below the level of discrimination for G-banded karyotype analysis. 9 -11 Moreover, array-CGH offers rapid, high-throughput analysis on minimal amounts of DNA, two prerequisites for any platform applied to prenatal diagnosis. A comprehensive profile of clinically relevant genomic gains and losses that are associated with genomic disorders would therefore make array-CGH a potentially useful tool for prenatal cytogenetic analysis of high-risk pregnancies. In addition, the use of wholegenome amplification (WGA) techniques to amplify extremely small amounts of genomic DNA would enable analysis directly on amniotic fluid (AF) cells or chorionic villus samples (CVS) without culturing, leading to more rapid results without the added time or cost of cell culture. 12, 13 There are several reports of the use of array-CGH for multiplex diagnosis of cytogenetic abnormalities using blood samples and at least one report of the application of array-CGH to previously studied, archived prenatal samples, but to date, there has been no experience with the use of this technique to monitor and report on current pregnancies. 11,14 -19 We designed a targeted microarray of 366 large genomic clones covering the 41 clinically relevant subtelomeric regions as well as genomic positions corresponding to 55 different genomic disorders, validated its use for molecular cytogenetic diagnosis on samples with known abnormalities, and completed over 1,500 clinical cases on referred blood samples. 11 Based on this collective experience with array-CGH, we carried out a prospective study to assess the feasibility of offering array-CGH in the clinical prenatal diagnostic setting with informed consent and counseling, including reliance on direct analysis without culturing cells. We present here the results of a pilot study on 98 prenatal specimens from current pregnancies to compare results obtained by standard karyotype and array-CGH.
METHODS

Subject recruitment
The study was approved by the Institutional Review Board of Baylor College of Medicine. The description of the availability of array-CGH was initially communicated by the referring physician to couples considering an invasive prenatal procedure; if the couple expressed interest in participating in the study, they were referred to the study genetic counselor or medical geneticist who obtained written informed consent. Couples who chose to have amniocentesis or chorionic villus sampling were offered the option of array-CGH in addition to karyotype. The indications for testing included increased risk for fetal aneuploidy associated with advanced maternal age and/or abnormal serum screening results, risk for a cytogenetic abnormality based on family history, and abnormal ultrasound findings for which a diagnosis was being sought.
Pretest counseling and informed consent
The pretest genetic counseling consisted of a standard genetic counseling session with recording of past medical and obstetric history, a pedigree with family medical history, the patient's history of exposure to infectious agents or potential teratogens, and an overall estimation of fetal risk. In addition, the array-CGH technique and study protocol were explained in detail including the risks and benefits of participation. The array-CGH analysis was offered at no additional fee.
Specimen preparation
The amniotic fluid (AF) and chorionic villus samples (CVS) were obtained by the subjects' obstetricians using their standard clinical procedures. Blood samples were required for maternal cell contamination studies and were requested from both parents for analysis of familial variants (if warranted by array-CGH results). All AF and CVS samples were prepared for standard G-band karyotype per clinical laboratory protocols. The remainder of the fetal sample was prepared for array-CGH analysis using direct and/or cultured cells.
DNA extraction was performed utilizing the Puregene DNA Purification kit according to the manufacturer's protocols (Gentra Systems, Minneapolis, MN). If adequate amounts of fetal material were obtained (a minimum of 5 mg CVS tissue or 5 mL of AF), the fetal sample was prepared for two independent array-CGH analyses using both direct genomic DNA and DNA obtained from cultured cells. For all amniotic fluid samples and for those CVS samples with less than the minimum amount, 10 ng of direct genomic fetal DNA sample was subjected to whole genome amplification (WGA) according to standard procedures (GenomePlex WGA kit, SIGMA, St. Louis, MO). Immediately upon receipt of a sample, the sex of the fetus was determined by PCR and the test DNA was hybridized to control DNA of the same sex. Reference genomic DNA was derived from peripheral blood of phenotypically normal male and female control individuals. When WGA products were used, reference DNAs were amplified in parallel with the test DNA. DNA from both direct and cultured samples was tested for maternal cell contamination using the PCR-based Identifiler system (AmpFLSTR, Applied Biosystem, Foster City, CA).
Prior to the start of the analysis of ongoing pregnancies, studies to validate the array-CGH method on DNA isolated from amniocytes or CVS were performed on known abnormal cases. In addition, parallel testing by array-CGH was performed on native genomic DNA and WGA-amplified DNA isolated from whole blood specimens from cases with known abnormalities.
Microarray constitution, hybridization and data analysis
The microarrays were manufactured using protocols described previously. 16 Briefly, BAC DNA was prepared using standard alkaline lysis methods and chemically modified for array printing as described. Chemically activated DNA [using (3-glycidoxypropyl) trimethoxysilane; Sigma, St. Louis, MO)] was printed onto alkaline/acid cleaned, Bis(trichlorosilyl)octane-treated (Gelest Inc. Morrisville, PA) glass slides using an Omnigrid Accent printer (Genomic Solutions, Ann Arbor, MI). All clones were printed in duplicate from a single 384 well plate in spatially distinct subarrays.
The Baylor College of Medicine Chromosome Microarray version 4.0 (BCM V4.0) was used for this study (www.bcm. edu/cma/table.htm, Table 3 ). This array was designed to provide redundancy with high sensitivity and specificity for detection of well-characterized disorders, while minimizing the detection of variations of uncertain clinical significance. The array was comprised of 3 to 10 BAC or PAC clones per disease or subtelomeric locus. A total of 366 distinct clones, including 200 clones covering the 41 clinically relevant subtelomeric regions and 166 clones from genomic positions corresponding to 55 different genetic disorders were included in version 4.0. The clones were selected from NCBI/UCSC public databases or from the FISH probe panel routinely used in the cytogenetic laboratory. Chromosomal positions detected by all clones were FISH-verified before use on the microarray and any clones that hybridized to multiple chromosomal locations were excluded. Versions of the array are periodically updated to add clones of clinical significance and remove clones found to be highly polymorphic.
DNA labeling and hybridizations were performed as described. 11, 20 For each patient sample, two experiments were performed with reversal of the dye labels for the control and test samples, followed by integration of the data from both dye-reversed hybridizations to determine inferences for each case (Fig.  1) . Microarray image files were quantified using GenePix Pro 5 software. The quantitation data were subjected to normalization as described previously, and the dye-reversed data were combined to determine a single fold-change value for each clone. 11, 20 Inferences were made for all clones using these final combined data values (Fig. 1) . 11, 20 All analyses were performed on log 2 ratios using code for the normalization and inference that was implemented in the R statistical programming language.
The results of the array-CGH analyses were communicated to patients through their physician or genetic counselor. Pregnancies with abnormal results were counseled in person by their physician or a medical geneticist and genetic counselor. Cases in which copy number variants (CNV) were detected were referred to an internal interdisciplinary panel consisting of medical geneticists, maternal fetal medicine specialists, and cytogeneticists who reviewed the data and reached consensus regarding the interpretation prior to release of the results.
FISH analysis
Metaphase spreads for detection of deletions were prepared from amniocytes or CVS using standard procedures. Interphase nuclei were analyzed for duplications/copy number gains. Miniprep BAC DNA (100 ng) was labeled with Spectrum Orange-dUTP or Spectrum Green-dUTP (Vysis, Downers Grove, IL) according to manufacturer's protocol and used as probes for FISH analysis using standard protocols. 7 
RESULTS
Validation of array-CGH and whole genome amplification protocols
An initial validation of the array-CGH tool using DNA from 12 cytogenetically abnormal AF or CVS cultures was carried out before initiating the prospective study. These cases included the following abnormalities: 47,XXY; 47,XX,ϩ18; 47,XY,ϩ13; 47,XY,ϩ21; 69,XXX; 46,XX, del(X)(p22.31); and 47,XX,ϩi12(p10). All segmental and whole-chromosome aneuploidies were accurately identified (data not shown). Additionally, the feasibility of using WGA to amplify nanogram amounts of genomic DNA was tested with six postnatal samples with known microdeletions or duplications including del11(p13), del20(p12), dup17(p12), del8(q24.1). Array-CGH profiles using DNA after WGA reproduced results that were completely concordant with those from native genomic DNA (e.g., Fig. 1B) , with no detectable amplification bias. [Note that this same clone detects a relative loss in (C).] (B) Array-CGH plot utilizing whole-blood genomic DNA after WGA hybridized against control male DNA. A loss detected by a number of clones specific for the distal segment of 8q indicative of interstitial deletion [del8(q24.1q24.1)] is observed (arrow). (C) Array-CGH plot utilizing DNA extracted from chorionic villi (direct), amplified by WGA and hybridized against control female DNA (after WGA). A gain was observed with all clones specific for chromosome 21, indicative of a trisomy 21 fetus (arrow). In addition, there is a gain detected by 2 clones on 3p that was inherited from the phenotypically normal father and was interpreted as a benign familial copy number variant (CNV).
Prenatal study population
After informed consent, 98 couples chose to have array-CGH analysis in addition to a standard karyotype for their current pregnancies. As shown in Table 1 , 56 (57%) analyzed samples were amniotic fluid and 42 (43%) were CVS. The indications for prenatal testing were advanced maternal age (64; 65%), fetal ultrasound anomalies (19; 19%) , previous history of a child with anomalies (11; 11%), and abnormal maternal serum screening result (4; 4%).
G-Banded karyotype
Conventional G-banding and karyotype analysis were conducted on all 98 cases. These analyses detected 4 cases of trisomy 21 and 1 unbalanced translocation of chromosomes 3 and 7. No other abnormalities were detected. The average reporting time for karyotype on these 98 cases was 10 days from the time of the prenatal procedure.
Array-CGH analysis
The array-CGH analysis was performed concurrently with the karyotype in a blinded fashion. For all 98 cases, analysis was performed on DNA isolated from cultured amniocytes or chorionic villi. The array-CGH analyses detected all 4 cases of trisomy 21 and the case with an unbalanced translocation between chromosomes 3 and 7, demonstrating complete concordance with the results of karyotype analysis. For the latter case, array-CGH detected a gain of copy number with 3 clones on chromosome region 3q and a loss of copy number with 8 clones on chromosome region 7q36.3 that included the sonic hedgehog homolog gene (SSH), which causes holoprosencephaly-3 (Fig. 2) . These findings were consistent with the fetal ultrasound finding of holoprosencephaly. Adequate coverage of the above-mentioned genomic segments revealed the unbalanced rearrangement and facilitated an accurate estimate of the imbalance. The same cannot be predicted for genomic regions with minimal or no coverage, an issue that may be addressed by inclusion of genomic clones at regular intervals across the entire genome.
After the first 40 samples, the protocol was modified to include analysis of AF cells and CVS tissue directly without cell culture. In the last 58 cases (26 AF and 32 CVS), a duplicate array-CGH analysis was performed on DNA extracted directly from the AF cells with WGA or from CVS with (21/32) or without (11/32) WGA. The results from both sources were in complete agreement. The average reporting time of array-CGH was 6 days from the time of the prenatal procedure for analysis of direct CVS or amniocytes and 16 days for cultured CVS and AF.
Copy number variants (CNV)
In 30 cases, array-CGH detected a gain or loss of copy number in a fetus with a clone (or clones) which was known to show a frequent normal variation in copy number based on prior or concurrent analysis of hundreds of blood samples. These cases were interpreted as normal without analyzing the parents. In 12 cases (Table 2) , array-CGH analysis revealed losses or gains with 1 or more clones that necessitated further analysis because the pattern of gain or loss was not consistent with a known genetic syndrome, or detection of gain or loss was infrequent for the clones involved. Prompt parental analysis was offered to these families. The extended analysis for each of these cases included FISH and/or array analysis of the family members as appropriate. It should be noted that the variation involving three clones at 15q11q13 in case 1 involves clones containing segmental duplications known to result in copy number losses or gains when tested by array-CGH. Similarly, the genomic sequence content for variant clones in cases 2, 6 and 7 revealed the presence of LCRs that contribute to clone behavior (loss or gain compared to control DNA) on array-CGH. In 9/12 cases, the gain or loss was detectable in a parent by array-CGH and/or FISH. In 1/12 cases, there was a gain detected with 3 clones in the steroid sulfatase region of the X chromosome. Following genetic counseling, the parents chose not to be studied. This gain has been detected in apparently benign circumstances previously (i.e., present in a child as well as a phenotypically normal parent). In another case, a male fetus was found to have a gain detected with one clone on Xp that was not detectable by FISH and was not found in the mother. For these two cases, the post-test counseling consisted of full discussion of the array-CGH results as well as the lack of definitive data in our experience or in the literature to assign a significant clinical risk. Both pregnancies continued, both children were born at term, had no physical anomalies, and are doing well. In another case, an apparent gain of copy number on chromosome segment 18p11.3 detected with one clone was seen in an early case where only cultured cells were analyzed. The finding was confirmed by FISH, and was not present in the parents. A fetal ultrasound showed an abdominal wall defect and a fetal MRI was consistent with pentalogy of Cantrell. The infant died within the first month of life. Array analysis on postnatal tissue did not detect the gain. This case may represent low level mosaicism in the original sample for a duplication of 18p11.3 or an artifact arising in tissue culture. Interestingly, pentalogy of Cantrell has been reported in a case of trisomy 18. 21 Thus, in our series, 2/98 cases had possible de novo abnormalities; 1 showed an apparent gain of copy number with a clone on Xp in the fetal sample, but this change was not detectable by FISH, and was not present in the mother. The second case likely represented low level mosaicism or tissue culture artifact. More recent experience from our group indicates that mosaicism at a level Ͼ7% can be detected by array-CGH.
Counseling and patient decision-making
For a subset of 53 couples who received genetic counseling by a single genetic counselor, the data were examined in more detail to discern trends in test acceptance. These 53 couples were at increased risk because of advanced maternal age, abnormal fetal ultrasound findings, abnormal serum screening, or a family history of a previous child with anomalies. Following the initial counseling, 45/53 couples (85%) chose to have amniocentesis or CVS performed on the pregnancy. Of these 45 couples, 33 (73%) chose to have array-CGH testing in addition to the standard karyotype. The most common reasons for accepting array-CGH testing included the detection of fetal anomalies in the current pregnancy, a history of anomalies in a previous child, and the desire for more comprehensive testing on their prenatal sample. Frequent reasons for declining testing included the risk of increased anxiety while waiting for the results of the additional testing, their perception that the disorders tested on the microarray were rare, and their uncertainty over accepting a new test. 
Prenatal diagnosis by array-CGH
DISCUSSION
The utility of array-CGH as a tool for identifying chromosomal imbalances in prenatal samples has been recently described 17, 18, 22, 23 but to our knowledge, this is the first study comparing the use of array-CGH to a standard karyotype for prenatal genetic diagnosis of a large spectrum of known genomic imbalances in ongoing pregnancies with results reported to participants. In a cohort of 98 cases, 4 cases of trisomy 21 were detected by both standard karyotypes and array-CGH. A fetus carrying an unbalanced translocation inherited from a balanced translocation carrier parent was identified by both methods, but array-CGH demonstrated that the 7q breakpoint at band 36.3 involved a loss detected by 8 clones including the SHH gene (holoprosencephaly 3), consistent with the fetal finding of holoprosencephaly. No other abnormalities related to a known genetic disorder were detected by either method in this sample of 98 ongoing pregnancies.
For most cytogenetic abnormalities, array-CGH analysis is likely to be as effective as a standard karyotype in detecting gross aneuploidies, while having two important advantages:
The first is more reliable detection of subtle abnormalities that may be difficult to detect on prenatal samples (e.g., small telomeric gains or deletions); and the second is detection of abnormalities that are not detectable even by an optimal karyotype (e.g., cryptic telomeric deletions or syndromic deletions such as DiGeorge or Williams syndromes). These advantages substantially decrease the likelihood that a subtle abnormality will be undetected during prenatal diagnosis. In addition, the array analysis can be as rapid as, or more rapid than, karyotype when performed by direct analysis of AF cells or CVS. In terms of possible disadvantages, a noteworthy limitation is that the detection rate of individual syndromes by array-CGH is dependent on the cytogenetic and molecular cause of the syndrome. For example, a genetic disorder caused mainly by deletion mutations would have a high detection rate by array CGH, whereas a disorder caused mainly by point mutations and rarely by deletions, would have a lower detection rate by this method. Array-CGH using a focused array of the type used here could fail to detect a cytogenetically visible deletion in the middle of an arm of a chromosome. This problem could be For the present, the latter three of these limitations are compensated for by karyotype analysis. Therefore, we recommend that a concurrent karyotype be performed in addition to the microarray analysis for these reasons. It is possible that the added cost of a karyotype and the required culture will be difficult to justify in the future using arrays with more complete coverage. Based on published data about the frequency of copy number variants in the population, 24 -27 there is a priori reason to be concerned about detection of variants of unknown clinical significance in prenatal studies. Our experience with over 1,500 blood analyses provided us with extensive data regarding which clones frequently detected regions of copy number variation. Our database of previously analyzed samples as well as public databases (such as http://projects.tcag.ca/variation) were researched in order to provide insight into the degree of variation detected by particular clones. With subsequent versions of the array, clones found to detect highly variant regions have been replaced. In addition, experience with blood analyses indicated that variants detected by a single clone, which were most frequent in telomeric regions, were usually present in an apparently healthy parent. This experience was generally confirmed in the prenatal studies. This leads us to recommend that blood be collected from both parents at or near the time of the prenatal procedure so that parental data can be available rapidly and prior to releasing an interpretation to the family. These will usually confirm that a CNV detected in a fetal sample is also present in a healthy parent. Some CNVs are detected by both array and FISH, and some are detected by array but not FISH with the same clone, so parents must be tested accordingly. In general, we have found that gains detected by clones containing segmental duplications may not be discriminated by FISH, requiring that parental samples be analyzed by array-CGH. Although distinguishing truly benign CNVs from others that may cause mild phenotypes with incomplete penetrance is a complex problem, 28 it is likely that parents can justifiably be reassured if a variant in a fetus is present in a healthy parent. Interpretations should also take into account the possibility of nonpaternity or other genetic mechanisms, such as segregation of alleles in the case of one parent having a deletion and the other a reciprocal duplication.
The testing of direct fetal material by array-CGH analysis gave more rapid results (average six days) than karyotype or array-CGH of cultured cells. Direct fetal material was obtained either from sufficient quantities of chorionic villi or amniocytes, or after WGA of DNA obtained from smaller quantities of uncultured chorionic villi or freshly spun (direct) amniocytes. A comparison of the array-CGH results obtained for WGA treated fetal cells and cultured fetal cells from 58 cases demonstrated no difference. Thus, these findings support the use of direct fetal material for array-CGH analysis, with analysis of cultured fetal cells only if direct results are inconclusive. Others have reported the feasibility of performing array-CGH with DNA isolated from as little as 1 mL of uncultured amniotic fluid without using WGA 18 and such a strategy would be attractive both to avoid any theoretical bias of amplification and to shorten the time for obtaining results. WGA could be used in some fraction of cases where analysis of unamplified DNA failed.
With the introduction of any new genetic test, patient and provider education about the risks, benefits, and limitations of the testing are paramount. A detailed pretest genetic counseling session was required of all participants in this study. Couples were more likely to opt for array-CGH testing if there was an ultrasound or other abnormality detected in their current pregnancy, if an abnormality occurred in a previous pregnancy, or if they were inclined to desire maximum available genetic testing. A common reason for declining participation in the study was a perception that the disorders tested on the microarray were rare. Although individual disorders tested by the array are indeed rare, their combined incidence is significant. Based on the known incidence for these various conditions, we estimate that the combined live-birth incidence in the general population of known genetic syndromes and subtelomeric rearrangements detected by array-CGH as used in this study is at least 1:1000 and may be as high as 1:500. Because of spontaneous loss of abnormal pregnancies, the frequency of abnormality is likely to be greater depending on the timing of the procedure. The use of array-CGH to study postnatal samples of individuals suspected to have genetic syndromes provides insight into the ability of the array-CGH platform to detect abnormalities. In our series of 1,200 postnatal cases referred to our clinical laboratory for array-CGH testing for suspected genetic disorders, the overall detection rate of clinically relevant disorders was approximately 7.0%. Significantly, nearly all of these cases had a previous chromosome analysis that was normal. A larger study of several thousand pregnancies would be needed to ascertain the rate of detection of micro-deletion or duplication syndromes by array-CGH that cannot be detected by conventional karyotype analysis in pregnancies with known anomalies as well as in pregnancies with risk factors such as advanced maternal age.
Our initial experience with the application of array-CGH in the clinical prenatal diagnostic setting has demonstrated the feasibility and accuracy of a molecular-based screening approach for genomic imbalances. This technique has the potential to be faster, more sensitive, and detect many more abnormalities than a conventional karyotype. There may be an immediate indication for this enhanced testing in fetuses with congenital anomalies detected by ultrasound. In addition, couples who desire as much genetic information about their pregnancies as possible and who are undergoing amniocentesis or CVS, may wish to be made aware of the option for an expanded level of testing. Although not raised as an issue during the course of this study, the potential also exists for couples to tailor the results of the array on an individual basis to exclude conditions for which they do not wish information in a prenatal setting.
Additional large-scale studies are required in order to determine whether array-CGH may eventually replace a karyotype in routine prenatal diagnosis and to determine a detection rate for submicroscopic genomic imbalances using array-CGH. From a cost perspective, it is likely that automation and high throughput methodology could make array-CGH on direct samples without culturing less costly than conventional karyotype analysis of cultured cells while detecting a greater percentage of all abnormalities. Moreover, emerging methodologies based on isolation of fetal cells from the maternal cervix or blood or on isolation of fetal DNA from maternal plasma without invasive procedures might eventually change the guidelines for conventional prenatal genetic diagnosis. 29 -32 
